Pseudocontact shifts (PCS) induced by tags loaded with paramagnetic lanthanide ions provide powerful long-range structure information, provided the location of the metal ion relative to the target protein is known. Usually, the metal position is determined by fitting the magnetic susceptibility anisotropy (∆χ) tensor to the 3D structure of the protein in an 8-parameter fit, which requires a large set of PCSs to be reliable. In an alternative approach, we used multiple Gd 3+ -Gd 3+ distances measured by double electron-electron resonance (DEER) experiments to define the metal position, allowing ∆χ-tensor determinations from more robust 5-parameter fits that can be performed with a relatively sparse set of PCSs. 
Introduction
In recent years, the integration of different biophysical techniques has emerged as a highly successful approach to the study of biomacromolecular systems (Ward et al. 2013; van den Bedem and Fraser 2015) . For protein structure analysis by solution NMR spectroscopy, single-crystal Xray structures (Baldwin et al. 1991 ) and small-angle X-ray scattering (Sunnerhagen et al. 1996) have long been recognized to present particularly valuable complementary information. Similarly, electron paramagnetic resonance (EPR) methods have contributed much structural information about the coordination environment of metal ions and through long-range distance measurements between spin labels, but there are only few examples where distance measurements by DEER experiments have been combined with NMR data, either to supplement NMR restraints by additional DEER distance restraints (Yang et al. 2010; Yagi et al. 2011; Duss et al 2014) or to extend and correlate NMR effects with DEER data (Huang et al. 2012; Yang et al. 2013 ). Most of these examples employed flexible nitroxide tags. The present work integrates NMR and distance measurements by DEER experiments in a much closer manner, using the coordinates of Gd 3+ ions identified by DEER to enable the interpretation of sparse PCSs generated by the same lanthanide binding tag, but using Tm 3+ and Tb 3+ instead of Gd 3+ ions.
In previous work we used the E. coli aspartate/glutamate-binding protein (DEBP) as a model system to investigate the utility of pairs of C3-Gd 3+ tags (Loh et al. 2013) to assess the 3D structure of a protein by a large number of Gd 3+ -Gd 3+ distances in the range of 2.5 to 6 nm measured by DEER (Abdelkader et al. 2015) . A simple protocol for modelling the conformation of the tag on the protein structure proved to predict the metal coordinates associated with the tag with exceptional reliability as shown by DEER. The C3-Gd 3+ tag was further advantageous because DEBP contains a disulfide bond. Most lanthanide tags are designed for ligation to cysteine residues (Su et al. 2010; Keizers and Ubbink 2011) , which can be incompatible with disulfide bonds. No such complication applies for the C3-Gd 3+ tag, which is attached to a p-azidophenylalanine (AzF)
residue by Cu(I)-catalyzed click chemistry (Loh et al. 2013) . AzF is an unnatural amino acid that can be site-specifically incorporated into proteins by genetic encoding, using an orthogonal ambersuppressor tRNA/aminoacyl-tRNA synthetase system (Chin et al. 2002; Young et al. 2011) .
DEBP belongs to the family of periplasmic ligand binding proteins (PBP) and a crystal 2 structure is available of the highly homologous protein from Shigella flexneri with bound glutamate (Hu et al. 2008) . The amino acid sequences of the S. flexneri and E. coli proteins differ in only three residues (D127N, G130D, D200E), all of which are solvent exposed. In the presence of glutamate, the Gd 3+ -Gd 3+ distances measured by DEER with C3-Gd 3+ tags at six different sites were in complete agreement with the crystal structure. Furthermore, simple modelling based on the crystal structure was shown to predict, with high accuracy, five of six of the lanthanide ion positions relative to the protein. The DEER experiments also revealed, however, that the Gd 3+ -Gd 3+ distances were, within 2 Å, the same in the glutamate-free protein. This was unexpected, as PBPs bind their ligands between two domains linked by two β-strands, which, in most PBPs analyzed with and without ligand, mark the location of a hinge between the domains. By moving as mostly rigid
entities in an open-and-shut movement, the domains can capture and release ligand (Okumoto et al. 2005 ). The crystal structure of the S. flexneri protein displays the closed state, in which glutamate is bound without solvent accessibility.
In view of the importance of glutamate as a neurotransmitter and key metabolite, DEBP has attracted much interest for the design of glutamate biosensors (de Lorimier et al. 2002; Okumoto et al. 2005; Hires et al. 2008; Marvin et al. 2013) . These biosensors critically depend on a conformational change between the glutamate-bound and glutamate-free form of the protein. In the best DEBP-based glutamate sensors, however, DEBP has been modified in the hinge region between the domains (Hires et al. 2008; Marvin et al. 2013) , raising the possibility that the capture and release of glutamate by wild-type DEBP involves only a local rather than global structural change.
To determine whether the closed conformation indicated by the DEER experiments of substrate-free DEBP is an artefact of the measurement conditions (DEER measurements are performed in frozen solution in the presence of 20% glycerol) or whether the closed state is also number of backbone amide cross-peaks laborious, only a limited number of PCSs could be measured and assigned to individual residues, rendering a reliable identification of the metal position difficult. As shown previously by Ubbink and co-workers, a lanthanide ion can be positioned at a highly predictable position by the use of a double-armed tag attached to two cysteine residues (Keizers et al. 2008) , but the disulfide bond in DEBP compromises the utility of cysteine mutations. This situation prompted the current work, where we attached lanthanide ions to an AzF residue and used the metal coordinates obtained by DEER experiments to enable interpretation of the sparse PCSs. Integration of the structural information from a single-crystal X-ray structure, Gd 3+ -Gd 3+ distance measurements from DEER and PCSs recorded for a limited set of 15 N-HSQC cross-peaks provides a practical approach to structural studies of difficult proteins.
Materials and methods

Protein sample preparation
Constructs of DEBP contained an N-terminal His6 tag followed by a tobacco etch virus (TEV) protease recognition site but was devoid of the periplasmic leader sequence ( Figure S1 ). They were expressed using the pETMCSIII vector (Neylon et al. 2000) as described previously (Abdelkader et al. 2015) . Samples were prepared by cell-free protein synthesis in a dialysis system following an established protocol (Ozawa et al. 2004; Apponyi et al. 2008) . Selectively 15 N-labelled samples were prepared with 15 N-labelled valine, isoleucine and serine. To assign the respective 15 N-HSQC cross-peaks of these samples, valine residues were mutated to alanine or isoleucine, isoleucine residues were mutated to valine, and serine residues were mutated to alanine. All mutant samples were prepared using PCR to introduce the mutation, followed by a second round of PCR to amplify the DNA with eight-nucleotide single-stranded overhangs suitable for protein production by cellfree synthesis (Wu et al. 2007 ; see the Supporting Information for the primers used). Each cell-free reaction was conducted at 30 °C in a dialysis system with 2 or 3 mL inner reaction mixture and 20 or 30 mL outer buffer, respectively. 15 N-labelled amino acids were provided at a concentration of 1 mM.
The DEBP N146AzF mutant was produced like all other mutants, using PCR to insert an amber stop codon at the requisite site and producing the protein by cell-free synthesis, except that an S30 extract depleted of the release factor RF1 was used (Apponyi et al. 2008; Loscha et al. 2012 ). In addition to the usual reagents, the inner buffer contained 0.5 mg/mL total tRNA containing optimized suppressor tRNA (Young et al. 2010) , prepared as described previously , and 50 µM purified p-cyano-L-phenylalanyl-tRNA synthetase (Young et al. 4 2011) . AzF was supplied at a concentration of 1 mM.
The protein samples were purified using a Ni-NTA column and the ligation of DEBP N146AzF with either C3-Tm 3+ or C3-Tb 3+ tags was achieved by Cu(I)-catalyzed click-chemistry following cleavage of the His6-tag with TEV protease as described previously (Abdelkader et al. 2015) .
To remove bound glutamate, the protein samples were denatured by the addition of guanidine hydrochloride to a final concentration of 6 M. The solution was left at room temperature for 2 h. Refolding and removal of free glutamate was achieved by dialyzing against "click buffer"
(50 mM sodium phosphate, pH 8, 150 mM sodium chloride) at 4°C, following a published protocol (Hu et al. 2008) . Finally, the protein samples were concentrated using an Amicon ultrafiltration centrifugal tube with a molecular weight cutoff of 10 kDa. The average yield was about 1 mg of purified protein per mL cell-free reaction mixture (inner buffer). The disulfide bond between Cys88
and Cys213 formed spontaneously during the refolding reaction.
For NMR measurements, the protein samples were dialyzed against NMR buffer (50 mM sodium phosphate, pH 7.4, 150 mM sodium chloride) at 4 °C and concentrated using an Amicon ultrafiltration centrifugal tube with a molecular weight cutoff of 10 kDa. 10% D2O was added before NMR measurement. 
Results
Resonance assignments by site-directed mutagenesis
The 15 N-HSQC spectrum of a selectively 15 N-valine-labelled sample of wild-type DEBP displayed 19 cross-peaks in the presence of glutamate, corresponding precisely to the number of valine residues in the protein. In the absence of glutamate, 18 cross-peaks were resolved ( Figure 1 ). The protein was less prone to precipitation in the presence of glutamate. Therefore, we set out to assign the 15 N-HSQC cross-peaks of the valine residues of glutamate-bound DEBP by preparing 19 samples of 15 N-valine-labelled DEBP, in which each valine residue was mutated one by one to alanine. In seven of those mutants, the spectra changed too much to allow unambiguous assignments. In these cases, new samples were prepared in the same way, except that the valine residues were changed to isoleucine. This yielded the assignment of the 15 N-HSQC cross-peaks of most valine residues, except that the cross-peaks of Val133 and Val134 had similar chemical shifts ( Figure 1 ), which were sensitive to mutation of either of these residues ( Figure S9 ), making their resonance assignment by mutation ambiguous. The cross-peaks of these residues were assigned later by PCSs (see below). The 15 N-HSQC cross-peaks of Ile70 and Ile76 were also assigned by mutation, preparing the samples with 15 N-isoleucine and mutating the residues individually to valine ( Figure S3 ).
Chemical exchange
To assign 15 N-HSQC cross-peaks of substrate-free DEBP, we recorded a heteronuclear Nzexchange spectrum (John et al. 2007 ) of a sample with a sub-stoichiometric amount of glutamate.
The exchange cross-peaks in this spectrum allowed the transfer of the resonance assignments between the glutamate-free and glutamate-bound form (Fig. 3) . The peak intensity ratio of the exchange cross-peaks and auto-peaks indicated an exchange rate of 7 s -1 . The largest changes in chemical shifts were observed for V28, V109, and V110, for which the largest change in chemical environment is expected if glutamate release is associated with a separation of the small and large domains of DEBP (Fig. 4c ). V109 and V110 are near the putative hinge in the two-stranded β-sheet, and the amide proton of V28 is in the large domain over 13 Å away from V109 and V110, directly facing the small domain. The chemical shifts of the other valine amide protons are much more conserved, confirming the structural conservation of the small and large domains of DEBP between the states with and without glutamate. In the crystal structure, the amides of V28, V109 and V110 are over 6.5 Å from any atom of the bound glutamate, i.e. their large changes in chemical shift upon release of glutamate are not due to a loss of direct contact with the ligand. In view of the general ligand binding mechanism of PBP proteins (Quiocho and Ledvina 1996) , the chemical shift changes point to a different orientation between the small and large domains in substrate-free DEBP. This conclusion is corroborated by the PCS data discussed below.
Pseudocontact shifts and exploiting metal coordinates determined by DEER
We hypothesized that, in analogy to other PBP proteins, the small and large domains of DEBP are rigid structural units that are connected by a flexible hinge, which is marked by the two-stranded β-sheet linking the two domains ( Fig. 4c ). By replacing N146 by a paramagnetic AzF-C3-Tm 3+ or
AzF-C3-Tb 3+ residue ( Fig. 1 ), domain movements are expected to generate significant changes in inter-domain PCSs while the intra-domain PCSs in the small domain are expected to remain unchanged.
PCSs were generated in DEBP N146AzF by ligation with C3-Tm 3+ or C3-Tb 3+ tags ( Fig. 4a and b). PCSs are through-space effects that follow the equation )
where Δδ PCS is the PCS measured in ppm, r is the distance of the nuclear spin from the metal ion, Δχax and Δχrh are the axial and rhombic components of the magnetic susceptibility anisotropy tensor Δχ, and θ and φ are the polar angles describing the position of the nuclear spin with respect to the principal axes of the Δχ tensor. We fitted the ∆χ tensors to the coordinates of the S. flexneri crystal structure, which represents the substrate-bound state (Hu et al. 2008) , using the PCSs observed in the presence of excess glutamate (Tables S2 and S3 ).
In principle, fitting a ∆χ tensor to a protein structure involves an 8-parameter fit (∆χax, ∆χrh, the Euler angles α, β, and γ, and the metal coordinates x, y, and z) but obtaining reliable metal coordinates from an 8-parameter fit requires that the number of measured PCSs significantly exceed the number of parameters in the fit. For DEBP N146AzF-C3-Tm 3+ , however, only eleven experimental PCSs were available, and the number was even smaller for DEBP N146AzF-C3-Tb 3+ (Tables S2 and S3) . To obtain a reliable ∆χ-tensor fit, we used the metal position determined previously by modelling an AzF-C3-Tm 3+ residue at site 146, which had been confirmed by Gd 3+ -Gd 3+ distance measurements by DEER experiments. Using pairs of AzF-C3-Gd 3+ residues, the DEER experiments measured five different Gd 3+ -Gd 3+ distances to the Gd 3+ ion of the AzF-C3-Gd 3+ residue at position 146, which was part of a network of six Gd 3+ ions with a total of 15 measured distances (Abdelkader et al. 2015) . As the modelled distances and the distances experimentally measured by DEER experiments correlated within 2 Å, the metal position is known with good accuracy. Independent knowledge of the metal coordinates thus allowed a reduction in the dimensionality of the ∆χ-tensor parameter search from 8 to 5 (∆χax, ∆χrh and three Euler angles).
The quality factor of the 5-parameter fits to the Tm 3+ data was good (Fit I of Table 1 ) and it did not change significantly when the PCSs of V133 and V134 were excluded (Fit II of Table 1 ).
Therefore, we retained these PCSs with the peak assignments as shown in Fig. 2 and 4 in all subsequent ∆χ-tensor fits. The established metal position explains the absence of the cross-peak of V135 in the paramagnetic samples by paramagnetic relaxation enhancements (PRE). In an unrestrained 8-parameter fit performed with the PCSs from the Tm 3+ -labelled sample (Fit III of Table 1 ), the origin of the ∆χ tensor moved by over 8 Å to a site that is in poor agreement with the DEER results, near the limit of where the metal could physically be located and requiring the additional assumption that the AzF-C3-Tm 3+ tag assumes an energetically unfavourable conformation.
In the case of the sample with the C3-Tb 3+ tag, additional cross-peaks became undetectable due to the increased PREs associated with Tb 3+ (V133, V134 and V143; Fig. 4b ; Bleaney 1972).
Nonetheless, using the remaining eight PCSs, the magnitude of the ∆χ tensor determined in a 5-parameter fit (Δχax, Δχrh and three Euler angles) that used the same metal position as the fit with Tm 3+ yielded a Δχax value about 50% larger than the Δχax value obtained for Tm 3+ (Table 2 ), in agreement with general expectations for a Tb 3+ versus Tm 3+ ion (de la Cruz et al. 2011) .
Using the PCSs measured in the presence of glutamate, neither of the 5-parameter fits produced a PCS violation greater than 0.035 ppm and the correlations between back-calculated and experimentally measured PCSs were very good (Fig. 5 ). The quality of the fits confirms that, in the presence of glutamate, the structure of E. coli DEBP in solution is faithfully represented by the crystal structure of the S. flexneri homologue. Furthermore, the ∆χ-tensor fits support the metal position experimentally established by the DEER measurements (Abdelkader et al. 2015) .
Effective ∆χ tensor
It can be difficult to interpret PCSs from mobile lanthanide tags, if the motions significantly change the metal position. In the case of DEBP N146AzF ligated with C3-Tm 3+ and C3-Tb 3+ , mobility is indicated by the fact that the magnitude of the ∆χ tensor is smaller than expected for a rigid C3 tag 8 (Loh et al. 2013) . The DEER data, however, revealed a clear preference for specific sets of χ1, χ2
and χ6 angles (Fig. 1) , suggesting that averaging of the ∆χ tensor arises more from reorientation of the metal complex with conserved metal coordinates than from large-amplitude displacement of the metal position. We note that more rotamers may be populated in solution than under the conditions of the DEER experiments, which involve frozen solutions and thus allow the freezing out of specific conformations. Importantly, however, even in situations where the metal moves between different positions over much greater distances than compatible with the χ1 and χ2 angles of the AzF-C3 residue in the present example, approximating the experimental PCSs by a single effective ∆χ tensor can still produce meaningful results, so long as the effective tensor provides good fits of the PCSs at the sites of interest (Shishmarev and Otting 2013; Chen et al. 2014) . In the present case, all PCSs showed the same sign (Tables S1 and S2 ). Therefore, the effective ∆χ tensor for Tm broader analysis, it is instructive to compare the PCS data between substrate-free and glutamatebound DEBP by grouping them into intra-and inter-domain PCSs.
The general metal position established relative to DEBP in the closed conformation provides a valuable reference point for a qualitative PCS analysis. If the large and small domains of DEBP move apart in the absence of glutamate, one would expect that the intra-domain PCSs remain the same, while the inter-domain PCSs decrease. This was indeed observed (Fig. 6) . The Tm 3+ data showed that, except for the PCS of V143, all of the intra-domain PCSs were slightly larger in the absence of glutamate, indicating a slightly changed but overall conserved ∆χ tensor. At the same time, the inter-domain PCSs dropped, especially for residues 95, 76 and 70, which are furthest from the two β-strands that define the putative hinge between the two domains ( Fig. 6a and b ; while the uncertainties associated with the PCSs of I70 were too large to make this change in PCS magnitude significant, the change was significant when considering 'super-PCSs' that compare the peak positions observed with Tm 3+ and Tb 3+ , see Fig. S4 and below.)
The Tb 3+ data showed the same trends, with smaller inter-domain PCSs (residues 95, 76, 70
and 28) in the absence than in the presence of glutamate. Only three intra-domain PCSs were observed, which increased slightly for residues 177 and 202 but decreased for V110 in the substrate-free protein. As V110 is next to V109 at the boundary between the domains (Fig. 4c) , it is plausible that V110 can be affected by the conformational transition between substrate-free and glutamate-bound protein. As discussed above, V110 is among the residues showing the largest chemical shift changes in the 15 N-HSQC spectrum in response to the presence or absence of glutamate.
The DEER data showed little evidence of this conformational transition, suggesting instead that the same (closed) conformation is predominantly populated in the presence and absence of glutamate (Abdelkader et al. 2015) . Even though the tag at position 146 is far from the interface between small and large domain, could the changes in PCSs observed between substrate-free and glutamate-bound DEBP arise from a small change in the ∆χ tensor rather than from a structural change of the protein? As the metal site, V143, and V28 lie almost on the same line in the closed conformation ( Fig. 4c) , no change in tensor magnitude or orientation can explain how the PCS of V28 could decrease when the PCS of V143 remains unchanged, so long as the metal position relative to the small domain does not change beyond the covalent constraints of the tag. Even though the decrease in the PCS of V28 is small, it is significant. In the samples tagged with Tm
3+
and Tb 3+ , the PCS changed by -0.025 and 0.09 ppm, respectively (Tables S2 and S3) . These values are outside the estimated uncertainty in measuring the PCSs (about 0.01 ppm) derived from the signal-to-noise dependent accuracy with which peak positions can be determined in NMR spectra (Kontaxis et al. 2000) .
Super-PCSs
PCSs are conventionally measured as chemical shift differences between paramagnetic and diamagnetic samples, but it is also possible to define "super-PCSs" as the difference in chemical shifts between two paramagnetic samples. So long as the different metal ions are located at the same position relative to the protein and the individual ∆χ tensors are of the same size, a difference ∆χ-tensor can be fitted to the super-PCSs, which is a tensor sum of the individual ∆χ tensors of the different metal ions, in complete analogy to the additivity of alignment tensors produced by simultaneous paramagnetic and steric alignment (Barbieri et al. 2002) . In the case of DEBP N146AzF-C3 loaded with Tm 3+ or Tb 3+ , the individual ∆χ tensors did not have the same size (Tables 1 and 2 ) and we used the super-PCSs for qualitative analysis rather than attempting to fit a difference ∆χ-tensor. In contrast to the measurements of conventional PCSs, which used untagged protein as the diamagnetic reference, the super-PCSs had the added benefit of comparing two tagged proteins that are chemically identical apart from the identity of the lanthanide ion. 
Determining the location of the metal ion
The C3-tag is ideal for site-specific attachment of lanthanides in large proteins, as the tag can be ligated with AzF in a Cu(I)-catalyzed click reaction and, in contrast to established lanthanide tags, is independent of the presence of cysteine residues (Loh et al. 2013) . Furthermore, recent DEER measurements performed with DEBP showed that the conformation of an AzF-C3-Ln 3+ residue that projects into solution can be accurately predicted from the structural context of the neighbouring residues by using the mutation tool of PyMOL (DeLano 2002) and assuming that the χ6 angle is 180 o while the lanthanide ion is coordinated by the nearest nitrogen atom of the triazole ring ( Fig. 1 ; Abdelkader et al. 2015 ).
An important question is whether the positions of the Gd 3+ ions identified in frozen solution by DEER experiments are the same as in liquid solution at ambient temperature. DEER experiments invariably yield distance distributions rather than single distances, reflecting at least in part the conformational variability of the tag and protein. We usually model Gd 3+ -Gd 3+ distance distributions by a simple rotamer library approach, in which all rotatable bonds are allowed to vary within a band around preferential staggered conformations, without taking into account explicit energy terms other than disallowing van der Waals clashes with the protein (Yagi et al. 2011 ). The distribution peak maxima determined in this way usually agree very closely (within a couple of Å) with DEER measurements. As small energy differences between different conformations would matter even less at room temperature, the distances derived from the maximum of the distance distributions measured in the frozen state are very likely maintained in liquid solution. The validity of this assumption is supported by recent molecular dynamics simulations of molecules without tag at about 300 K, which were combined with rotamers of the metal tag based on the accessible space.
Very good agreement between the DEER-derived distance distribution and the calculated one was obtained for both Gd 3+ -Gd 3+ distances in double-tagged DNA (Song et al. 2011) and Mn 2+ -Mn 2+ distances in a helical peptide (Ching et al. 2015) .
The AzF-C3-Gd 3+ residue is unusual in that the maximum of the Gd 3+ -Gd 3+ distance distribution can be predicted by a single tag conformation (Abdelkader et al. 2015) . While the χ1
and χ2 angles of the AzF residue likely remain restrained at room temperature, a solvent-exposed tag would show fast rotations about the bond defined by the χ6 angle. In the present work, we assumed that the rotamer with χ6 = 180 o , which was identified as predominant by DEER experiments, remains the most highly populated rotamer. Between the cases of χ6 = 0 o and 180 o , the metal would be displaced by only about 4.6 Å. This is a much smaller displacement than for conventional cysteine-bound lanthanide tags (Shishmarev and Otting 2013; Abdelkader et al. 2016 ).
The number of DEER measurements required to locate a lanthanide ion relative to the protein of interest depends on the agreement found between the modelled positions and the experimental Gd 3+ -Gd 3+ distance measurements. In general, if three distance measurements with a specific AzF-C3-Gd 3+ residue agree with the expected distances obtained by modelling, the modelled lanthanide position can be considered to be highly reliable. In the case of DEBP, only one out of six sites with AzF-C3-Gd 3+ residues positioned the lanthanide at an unexpected site, which could be attributed to specific binding of the metal complex to the protein (Abdelkader et al. 2015) .
If the initial modeling fails to reproduce the measured distances, additional sites would need to be tagged and distances measured to identify the site(s), where modelling delivers the wrong answer.
This could be cumbersome, as each DEER distance measurement requires a new double-tagged protein sample. In general, however, the requirement of as few as three samples with Gd 3+ tags is an attractive alternative to producing the multitude of selectively isotope-labelled samples required to assign sufficient NMR signals by site-directed mutagenesis to enable the metal position to be reliably determined by a full 8-parameter ∆χ-tensor fit.
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Conformational equilibria of substrate-free DEBP
The equilibrium between open and closed conformations of E. coli periplasmic ligand binding proteins has previously been investigated by solution NMR spectroscopy for the maltose binding protein (Tang et al. 2007) , the glutamine binding protein (Bermejo et al. 2010) , the histidine binding protein (Chu et al. 2013) , the siderophore binding protein (Chu et al. 2014) , and the ribose and glucose/galactose binding proteins (Ortega et al. 2012 In the case of DEBP, the PCSs confirm that the glutamate-bound protein assumes the closed structure observed in the crystal structure of the S. flexneri homologue. In contrast to the DEER data, which indicated that the closed conformation is predominantly populated even in the absence of glutamate (Abdelkader et al. 2015) , the changes in chemical shifts as well as PCSs indicate that the transition to the substrate-free protein involves a movement of the domains as rigid entities relative to each other. As the DEER experiments involved frozen solutions in the presence of 20% glycerol to prevent ice crystal formation, it is quite possible that the EPR conditions masked subtle conformational equilibria present at room temperature. In at least one other example, scarce PCSs measured in solution contradicted low-temperature EPR measurements (Skinner et al. 2015 For a rapid structural equilibrium where only a single set of averaged NMR peaks can be observed, the first approximation would be to interpret the data by a single average conformation. If alternative conformations are available from either crystallography, molecular dynamics simulations or modelling, it is also possible to interpret the PCS data by conformational ensembles, as has been demonstrated in an exemplary manner for calmodulin and complexes thereof with different peptides (Bertini et al. 2004; Bertini et al. 2010; Dasgupta et al. 2011; Nagulapalli et al. 2012; Russo et al. 2013; Andrałojć et al. 2014 ). In the case of substrate-free DEBP, modelling of the substrate-free state by multiple structures is difficult in the absence of good structural models and significantly more experimental data.
Conclusion
PCSs induced by paramagnetic lanthanide tags are ideally suited to detect structural rearrangements between rigid domains, as they deliver long-range structural information across the domain interface. In the case of the E. coli aspartate/glutamate binding protein, all available NMR information indicates that the release of glutamate is accompanied by a global rather than local change in structure, involving movements of the N-and C-terminal domains relative to each other.
This work demonstrates how the confluence of several modern techniques make the analysis by PCSs practical for a 32 kDa protein of limited solubility. Preparation of the large number of selectively isotope-labelled samples required for resonance assignment by site-directed mutagenesis is economical by cell-free protein synthesis (Torizawa et al. 2004) , especially since PCR-amplified DNA can be used directly without prior sequencing (Wu et al. 2007) , and facile removal of the release factor RF1 from the cell-extract enables high incorporation yields of unnatural amino acids (AzF in the present work; Loscha et al. 2012 ). The present work highlights the fact that even scarce PCS data can already reveal the telltale signs of global changes in conformation. Moreover, determination of the metal position, which is of critical importance for drawing structural conclusions from PCSs, is greatly facilitated by an integrative approach, which combines the PCSs with the exceptional capacity of the AzF-C3-Ln 3+ tag to be modelled with high accuracy, as well as with experimental verification of the metal position by a small number of distances measured by DEER experiments. representation of the crystal structure 2VHA (Hu et al. 2008) , which is in the closed conformation.
The magnetic susceptibility anisotropy (∆χ tensor was determined by a 5-parameter fit (axial and rhombic components and Euler angles), fixing the origin of the tensor to the location of the Gd 3+ ion, which was established by modelling and confirmed by DEER. The locations of the amide protons for which PCSs > 0.01 ppm could be measured are indicated by blue and red balls for residues in the small and large domains, respectively. The two connecting β-strands, which define the location of the hinge for the inter-domain movement, are shown in yellow. We refer to the domains on the left and right of residue 110 as the small and large domains, respectively. Blue and red points correspond to intra-domain and inter-domain PCSs, respectively. (a)
Correlation for DEBP N146AzF-C3-Tm 3+ . The back-calculation used the 5-parameter fit to the structure 2VHA (Hu et al. 2008 ) with all eleven PCSs (Table S2) , fixing the origin of the ∆χ tensor at the modelled metal position (Table 1) . PCSs in the small and large domain of DEBP are in blue and red, respectively. (b) Same as (a), except for DEBP N146AzF-C3-Tb 3+ , using a 5-parameter fit with the eight PCSs of Table S3 and the modelled metal position ( Table 2 ). Note that the axes plot negative PCSs.
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